Abstract: A detonating explosive interacting with a deformable structure is a highly transient and non-linear event. In field blast trials of military vehicles, a standard procedure is often followed in order to reduce the uncertainties and increase the quality of the test. If the explosive is buried in the ground, the state of the soil must meet specific demands. In the present work, laboratory experiments have been performed to characterize the behaviour of a soil material. Soil may be considered a three-phase medium, consisting of solid grains, water and air. Variations between the amounts of these phases affect the mechanical properties of the soil. The experimental outcome has formed input data to represent the soil behaviour included in a three-phase elastic-plastic cap model. This unified constitutive model for soil has been used for numerical simulations representing field blast trials, where the explosive load is interacting with a deformable structure. The blast trials included explosive buried at different depths in wet or dry sand. A dependence of the soil initial conditions can be shown, both in the past field trials along with the numerical simulations. Even though some deviations exist, the simulations showed in general acceptable agreement with the experimental results.
Introduction
Soil characteristics are of interest in a number of different fields, covering both quasi-static and dynamic loading. Quasi-static soil properties are for instance of interest in dam engineering and construction, while dynamic soil characteristics are of concern regarding earth quake physics and defensive protection against land mine explosions. Soil materials consist of many single grains of different size and shape, forming a skeleton where the voids are * E-mail: bjorn.zakrisson@baesystems.se filled with water and air. Soil can thus be considered as a three-phase medium, consisting mainly of solid grains with portions of water and air. When a small amount or no water at all is included in the soil, the sample may be considered dry. If no air is included in the soil, the sample is on the other hand said to be fully saturated. When the soil is under loading, it undergoes a change in shape and compressibility. The volume decreases due to changes in grain arrangements. Microscopic interlocking with frictional forces between the contacting particles lead to bending of flat grains and rolling of rounded particles. If the load is further increased, the grains eventually become crushed [1] . In quasi-static applications, the water is often assumed to be incompressible. If the soil is compacted at a slow rate, the air and portions of water are squeezed out of the soil skeleton. This assumption is however not valid under shock loading, where water and air can undergo severe volumetric compression. In a highly dynamic compaction such as an underground explosion, the air and water does not have time to escape and may be considered as trapped in the soil [2] .
In the NATO standard [3] , recommendations for testing conditions of field blast trials with explosive positioned in the ground are given. The soil shall be saturated with water prior to testing, with the total wet density of the soil 2200± 100 kg/m 3 . The soil type in the ground shall be sandy gravel, with 100% passing a 40 mm sieve and maximum 10% passing a 0.08 mm sieve. According to Table 1 , definitions for gravel, sand, silt and clay based on particle size are given based on three different classification systems [4] . Based on this, the soil type "sandy gravel" may contain a particle size between 0-40 mm, with maximum 10% of the grains smaller than 0.08 mm.
Similar to rock and concrete, the strength of a soil is pressure dependent [5] . However, in contrast to rock and concrete, soil has very low strength without some kind of confinement. The soil material response depends on several parameters, such as for example grain size distribution, grain density, in situ density and degree of saturation. It is common to use a triaxial apparatus for characterization of soil and other granular materials. A cylindrical sample is placed into a pressurized chamber, where the stress can be individually set in the radial and axial direction. It is thus possible to obtain both the yield function and the volumetric compaction curve with this test. This method has been used for example in a derivation of mechanical properties for sand with 6.57% moisture content by Laine and Sandvik [6] , where a triaxial apparatus was used up to 60 MPa confining pressure. Above 60 MPa, the data representing the compaction curve was estimated by a 5 th order polynomial function. The material data provided by Laine and Sandvik is very often used in the industry and defence applications involving land mine simulation due to its simplicity [7] , but have also been used in civil applications such as road side safety [8] . It is difficult to reach high hydrostatic pressures with triaxial testing devices, but magnitudes up to 1 GPa have been reached for example by Gabet et al. in [9] . However, a triaxial press capable of such high pressures becomes very large and expensive. At the present, a common experimental method to reach higher pressure for constructing a compaction curve (i.e. shock Hugoniot) is the plate impact experiment, performed at high strain rates. This has been done for both dry and water saturated quartz sand by Chapman et al. in [10] . Bragov et al. [11] evaluated data using both a modified Kolsky bar and plate impact experiments to obtain material parameters for dry quartz sand covering a wide range of strain rates. Using the Kolsky bar, pressures close to 280 MPa was reached, and close to 1.8 GPa for the plate impact. No significant strain rate dependence could be found between the two experimental methods, indicating that a quasi-static characterization would be valid. It is of interest to have one generic model which includes all the important parameters affecting the soil response. Grujicic et al. [7] used an analytical and computational approach, where a three-phase model was constructed in order to estimate sand response under blast loading at different degree of saturations. An extension to include differences in grain size has also been done in [12] . Regarding material data for larger particle sizes corresponding to gravel or sandy gravel, not much data is available in the literature. Lekarp et al. provided deviatoric yield function data for sandy gravel in [1] which also has been used by Wu and Thomson in [8] , but no volumetric compression data has been found. In this work a relatively simple experimental technique is used to characterize a sandy gravel material used in blast trials. A three-phase model is developed to achieve a unified model for different degrees of saturation based on the characterized soil material. The blast trials where explosives are buried in soil with different water content are simulated and compared to the experimental local and global structural results.
Field blast trials
In an earlier work by Zakrisson et al. [13] , blast trials with the explosive placed in sandy gravel at three different burial depths were performed. The explosive charge was 0.75 kg Swedish military plastic explosive m/46 (commercially known as NSP71) with a density of 1500 kg/m 3 , consisting of 86% PETN and 14% fuel oil. The charge was formed to a cylindrical shape resulting in a diameter to height (D/H) ratio of 3.The experimental setup is shown in Figure 1 , where a ground blast rig with the sides 3 × 2 m and total height 2.7 m includes a hanging test module. The test module consists of a square target plate of steel quality Weldox 700E with dimension 600 × 600 × 8 mm, held in place at the corners with a plate holder. The inner diagonal length of the plate holder is 627 mm, shown to the right in Figure 1 . The target plate is able to deform into a tube with inner radius 250 mm, where the tube edge is rounded to a 15 mm radius allowing a smooth deformation of the target plate. The maximum dynamic target plate deformation was measured with a deformable crush gauge made of a small block of thin walled aluminium honeycomb mounted inside the tube of the test module. The initial distance from the target plate to the crush gauge added to the distance the crush gauge has deformed is used to determine the maximum dynamic deformation, δ , of the target plate. Further, the residual target plate deformation, δ , was determined at the plate centre. The test module also includes ballast weights, giving a total test module weight of = 2120 kg. The maximum test module jump, Z , was then determined by using a deformable crush gauge in combination with a linear position sensor. The potential energy of the system as the mass moves up is Z , where is the test module mass and = 9 81 m/s 2 is the gravity constant. The initial kinetic energy of the test module is 2 /2, where is the initial velocity. Equating the kinetic and potential energy gives the maximum velocity , assuming that the initial velocity is the maximum velocity. Thus, defining the momentum transfer of the test module as I = , we find Equation (1) as
Ten tests with explosive placed in sandy gravel were done. The sandy gravel used in the tests is commercially distributed as concrete gravel, with solid grain density of 2700 ± 30 kg/m 3 and a particle size ranging between 0-8 mm. Three different depth of burial (DOB) were tested, 0, 50 and 150 mm, measured from the sand top surface to the mine top surface. For all three DOB, the soil was watered and compacted manually. Prior to the tests, a sample using a confined volume of 1.218 dm 3 was taken from the top of the soil box to determine the initial in situ density, moisture content and degree of saturation. Also, two tests at DOB 50 mm were performed without watering the soil, and may thus be considered as dry. The square soil boxes were made of wood with the side 950 mm while the height varied between 500 and 600 mm depending on DOB of the mine. The height of the soil box was 500 mm for DOB 0 and 50 mm, while the height was increased to 600 mm for DOB 150 mm. The stand-off to the target plate was nominally held at 250 mm, measured from the target plate to the surface of the soil. Since the boxes varied in height, the test module had to be adjusted vertically in the hanging chains to keep the nominal stand-off distance, [13] . The average experimental results with deviations are given in Table 2 along with the initial states of the soil such as the relative volume α for the three phases, moisture content and the water saturation, S. Further information about the test procedure can also be found in [13, 14] .
Modelling
The general material models used in this work to describe the blast loading and structural deformation are described in this section. The soil material, gaseous material such as explosive and air, and the structural material, are treated in separate subsections. The explicit solver of the finite element (FE) software LS-DYNA V971 R5.1.1 [15] was used for the numerical simulations.
Soil material
A non-linear elastic plastic constitutive model adopted for describing the soil is used, where isotropic behaviour is assumed. The model is independent of strain rate. In the elastic part of the constitutive model the bulk modulus, K , is assumed dependent on the density, while the Poisson's ratio, ν, is assumed constant. The relation between the isotropic elastic constants in the material model is given as
where G is the shear modulus [16] . Since the Poisson's ratio constant and the bulk modulus is varying, also the shear modulus will vary. Thus, the resulting elastic sound speed, , in the unbounded material will also vary since
One essential feature of a constitutive model for compacting soil is that it has to be able to yield with pressure. Cap models have that feature. Cap models consists of two different yield surfaces, a shear failure surface ( 1 ), providing dominantly shearing flow and a strain-hardening cap yield surface ( 2 ) that provides yield in pressure. There are different types of cap models where the yield functions are written in slightly different forms, a model often used is for example Drucker-Prager cap model. More complex cap models used for powder pressing to high pressure with a highly non-linear behaviour could be found in [17] and [18] . In this work a simple cap model is used consisting of a combined Drucker-Prager (Equation 4a) and von Mises yield criterion (Equation 4b) for the deviatoric behaviour together with a flat cap (Equation 5) for the volumetric response describing the plastic behaviour.
where von Mises effective stress and isostatic pressure P the is defined as = 3J 2 (6) In the equations above I 1 is the first stress invariant, J 2 is the second deviatoric stress invariant, X is the cap position at the isostatic pressure, σ the yield stress, C the shear cohesion and M is defined as M = tan(θ), where θ is the internal friction angle, see Figure 2 . A function is used that controls how the cap yield surface moves in the stress space, here defined independent of the effective stress with a flat pressure dependent cap. In this work the cap position is given by its relation between the plastic volumetric strain, density and the mixture of air (α ), water (α ) and solid grains (α ) as
and
The material parameters in the plasticity model described above are in many cases dependent of the density and the water content in the soil. To consider this a threephase model is used in this work. The soil is divided into three phases, solid grains, water and air with the volumes denoted V , V and V , respectively, see Figure 3 . In an explosive process, it may be assumed that the air and water does not have time to escape, i.e. all three phases exist during the entire compaction. The total volume is thus the sum of the volume of each of the three individual phases. The procedure used here has previously been adapted by Wang et al., Fišerová, Grujicic et al. and An to mention a few [2, 4, 7, 19] . The definitions of volumes of a three-phase soil sample is shown in Figure 3 , where the initial relative volume, α, for each phase is defined as where = represents air, water and solid grains, respectively. The initial saturation, S, is determined as
If the degree of saturation is 1 (i.e. 100%), the soil is fully saturated and only consisting of solid grains and water. The moisture content is denoted w and determined as
where is the mass of water in the soil sample and is the mass of the solid grains [4] . The initial relative volume for each phase is defined according to Equation (10) and can be written as
Analogously, the current relative volume is given as
and the total current relative volume with conservation of mass becomes
Equation (15) shows that the current density of the soil sample can be described by the sum of the relative volumes of each individual phase. The assumption is that all three phases experience the same pressure at the same time, but each phase may experience different individual densities due to different compressibility defined by its equations of state. Assuming adiabatic conditions, the equation of state for air can be expressed as
where P 0 is the atmospheric pressure and γ = 1 4 is the ratio of the specific heats at constant pressure and volume, respectively. Equation (16) can be rewritten using and Equations (10) and (14) and applying conservation of mass to
Rearranging for the current relative volume gives
The equation of state for the water, based on the adiabatic Tait equation [20] , is here defined as
where the sound speed for water is C 0 = 1415 m/s, the exponent = 3 and initial density ρ 0 = 1000 kg/m 3 , see [4] . Using Equations (10) and (14) and rearranging Equation (19) analogously as for the air, we have
Using Equation (15) and rearranging, the expression for the current density gives
where α and α is calculated using Equation (18) and Equation (20) for a given pressure. If a relation for the current relative volume for the solid grains, α , is known, Equation (21) will be complete and Equation (8) describing the cap position can be derived.
Explosive material and air
The explosive is modelled as a high explosive material with a Jones-Wilkins-Lee (JWL) form of equation of state [21] . A combined programmed burn and beta burn model determines when an explosive element is detonated based on the initial density ρ 0 , detonation pressure P C J and detonation velocity D, see [15] . When the criteria for detonation of an explosive element is achieved, the energy is released with the pressure defined according to the three term JWL equation of state as
where A B R 1 R 2 and ω are material constants, = ρ 0 /ρ is the relative volume and E is the internal energy per unit reference volume. The JWL equation of state for the explosive m/46 used in the blast trials have been calibrated and validated using cylinder tests presented in a report by Helte et al. [22] , and is used in previous applied work by Zakrisson et al . [14] . The material-and JWL parameters for m/46 are given in Table 3 . Table 3 . Material-and JWL-parameters for the explosive m/46 [22] . The air is modelled with an ideal gas form equation where the pressure is defined as
where ρ is the current density and ρ 0 the initial density while E is the internal energy per unit reference volume. Also, γ = 1 4 is defined as the ratio between the specific heat at constant pressure and volume, respectively. The initial density 1.169 kg/m 3 at the pressure 0.1 MPa results in an initial internal energy E 0 of 250 kJ/m 3 [23] .
Structural material
A common model used to describe materials subjected to large deformation, high strain rate and adiabatic temperature softening is the Johnson and Cook (JC) model. The model is based on von Mises plasticity, where the yield stress is scaled depending on the state of equivalent plastic strain, strain rate and temperature. A modified JC model Table 4 . Weldox 700E material constants for the modified JC constitutive model [25] . 
Yield stress Strain hardening Strain rate hardening Temperature softening
a Modified values compared to reference [25] , see [14] .
is described by Børvik et al. in [24] , where the equivalent yield stress is defined as
where A B and are material constants,ε anḋ ε 0 are the equivalent plastic-and reference strain rate, respectively. The homologous temperature, T * , is defined as
where T is the current temperature, T the room-or initial temperature and T the material melting temperature. In this work, the modified JC model is used for the steel plate Weldox 700E, which undergoes large plastic deformation. The material parameters used for Weldox 700E regarding the modified JC model is given by Børvik et al. in [25] , shown in Table 4 . The strain rate parametersε 0 and has been adjusted and used in a previous work [14] , in order to better correlate the model response with the experimental strain rate experiments presented in [25] . The temperature increment due to adiabatic heating is a function of the equivalent plastic strain increment, equivalent stress, specific heat, C , density and the Taylor-Quinney coefficient, χ, which represents the proportion of plastic work converted into heat. The thermal expansion coefficient is defined by α.
Material characterization of sandy gravel
The soil material used in this work is sandy gravel, with a theoretical maximum density (TMD) of the solid grains of ρ T MD = 2670 kg/m 3 and grain size distribution according to Table 5 . The material is categorized as 0-8 mm "Concrete gravel". Three types of experiments are done, with the experimental setups shown in Figure 4 . First, confined compression is done in order to determine the volumetric response, so a compaction curve with pressure versus density can be created. Secondly, the cylindrical samples created in the confined compression tests are used in uniaxial compression tests (UCT) or Brazilian disc (BD) tests in order to create a deviatoric yield function. 
Volumetric behaviour
The test setup for the confined compression is shown in Figure 4a , together with the definition of coordinate system. Two-sided compaction is performed with a Dartec 250 kN press. Time, force and displacement data is stored with 100 Hz sampling rate, where the rise time to the maximum force tested is approximately 100 seconds. The die has an inner diameter of 25 mm, where the granular sample is filled. Grains larger than 5 mm were removed in order to keep the sample diameter about 5 times larger than the maximum grain size in the specimen [1] . The soil sample was moistened to an average moisture content of 0.9%. The die walls were treated with Zink stearate to reduce the friction during the compaction. A state of uniaxial strain is assumed, i.e. strain in the axial direction only where the radial strain is assumed to be negligible during the compaction. Hooke's law can be written in tensor notation as
with σ 11 = σ 22 = σ and σ 33 = σ according to the coordinate system shown in Figure 4a . For an isotropic material, i.e. = , the relation between the elastic constants G, K and ν is given by Equation (2). The bulk modulus, assuming small strains, is defined as
where P is pressure (mean stress) defined positive in compression and ε is the volumetric strain [16] . In uniaxial strain, Equation (26) becomes Evaluating Equation (25) for σ using the assumption of uniaxial strain yields
By inserting Equation (27) in Equation (28), rearranged for the isostatic pressure, we have
where σ may be estimated from the surface pressure of the punch, knowing the press force and punch area. Since Equation (29) is only valid during elastic loadingunloading, it is only the maximum value on the pressuredensity curve and the following elastic unloading that is represented, i.e. not the non-linear compaction path. The measured maximum values are shown in Figure 5a , representing press forces 50 kN, 140 kN and 240 kN, resulting in a maximum isostatic pressure of about 270 MPa. Reported values in the literature regarding Poisson's ratio for sandy gravel is between 0.15-0.35 [8] , where ν = 0 25 is chosen for this evaluation. Further, ν is here assumed to be constant, i.e. not dependent on density or water content. Even though Equation (29) is only valid for the elastic loading-unloading, it is used during the non-linear compaction for all measured press force points to evaluate the test with the highest density up to a pressure of 270 MPa. The curve, named "Function" in Figure 5a , is close to the measured points at all evaluated pressures, and here used as a reasonable assumption also for the compaction curve outside the measured points. A 5 th order polynomial function is constructed and used until the full compaction is reached, given in Figure 5a with coefficients. The full compaction is assumed linear from the theoretical maximum density of the individual grains, using the bulk stiffness of Westerly granite with 21501 GPa/(g/cm 3 ) [26] (also used in [6] ). The bulk modulus is defined by linear interpolation with respect to volumetric strain from the initial loading path of the soil at the initial pressure 0.1 MPa and density 1592 kg/m 3 to the fully compacted bulk modulus at TMD. The complete input data for the virgin material (sandy gravel with 0.9% average moisture content) shown in Figure 5b is given in Table 6 , together with the corresponding density. It is reasonable to assume that the theoretical maximum density for the three-phase medium should reduce if a greater content of water exist in the medium, since the density for water is lower than the solid grains. The density of air is low in comparison to water and solid grains and is therefore neglected. A function for the theoretical maximum density of the three-phase medium depending on the moisture content is introduced as
Thus, if no water is included in the medium then ρ T MD = ρ T MD , otherwise ρ T MD is reduced. The bulk stiffness of Westerly granite representing the fully compacted material is assumed identical for all states, but the start value for ρ T MD at P = 0.1 MPa is shifted to the TMD according to Equation (30). The initial relative volumes for the sample used to create the input data given in Table 6 is α 0 = 0 392, α 0 = 0 017, α 0 = 0 591. If all three phases is assumed to exist during the compaction, a relation for α corresponding to the isostatic pressure P can be derived using the polynomial function given in Figure 5a together with Equation (18), (20) and (21). This is further generalized to the function F (P), given as the ratio between α and α 0 . Tabulated data of F is shown in Table 6 . F is further assumed to be as valid representation for the solid grains as the corresponding ratios for air and water given in Section 3.1, and completes the three-phase system. For any given pressure and desired values for the initial relative volumes representing the three phases, the current relative volumes α and α are determined by Equation (18) and (20) . The current relative volume for solid particles, α , is determined by interpolation between pressures using the above relation F (P). That is,
From Equation (21) the total density of the three-phase system completes the density-pressure relation for the three-phase soil,
Using the relation between density and plastic volumetric strain,
Equation (8) which describes the hardening of the soil depending on the cap position X finally becomes
The three-phase approach can now be used in an attempt to create the input data corresponding to all the different soil conditions with actual initial relative volumes representing the field blast trials, given in Table 2 .
Deviatoric behaviour
The yield strength in shear is characterized by means of using two different experimental methods; uniaxial compression test (UCT) and Brazilian disc test (BD), (also known as diametral compression). For the UCT, a cylindrical sample is manufactured. A height to diameter ratio of two is considered to be sufficient to eliminate the end effects on the strength measurements [1, 5] . There exists a significant difference in the present study compared to unconfined compaction of concrete and rock, since the latter samples are "casted" or taken from a drilled core and not compacted in a closed die, as in the present case. The height to diameter ratio of two was initially tested in the setup, but the wall friction between the sample and die walls was deemed too high, even though Zink stearate was used to reduce the friction. Further, a specimen with height to diameter ratio of two showed a more significant tendency to form surface cracks during the ejection phase. Both effects will influence the unconfined compressive strength. For that reason, a height to diameter ratio of about one was chosen, even though the strength is likely to be somewhat overestimated. The previously compacted and ejected cylindrical sample using confined compression is placed on a rigid support, without lateral confinement in the radial direction. The Dartec press pushes in the vertical direction. Equation (6) gives the definition of the von Mises effective stress, which in uniaxial stress state becomes
The isostatic pressure in uniaxial stress becomes
The vertical stress σ is, in the same way as for the confined compression test, estimated as the surface pressure defined by the press force and the sample top surface area. When the sample is compressed, the deviatoric stress will increase according to Equation (35), and successively expand radially since no confinement exists. When the failure stress is reached, the ability for the sample to carry strength is successively reduced. The maximum value is thus defined as the failure strength at pressure defined by Equation (36). The samples evaluated with UCT correspond to the measurements in Figure 5a , where the residual (unloaded) density is determined after the ejection phase. This gives an individual point on the yield function for all UCT, related to its density. The second test performed to form the deviatoric yield function is the Brazilian disc test, where the specimen is Figure 6 . The Brazilian disc test using distributed load [27, 28] . assumed to experience a biaxial stress state. The experimental setup for a Brazilian disc test is shown in Figure 4c , and consists of a frame with two parallel compressive tools and a load cell mounted into a Dartec 100 kN press. The displacement is measured with a LVDT-displacement transducer, mounted between the compressive tools with an accuracy of ±0 1% linearity. The load cell measures forces up to 5 kN with an accuracy of ±0 5 N. A thin disc is compressed diametrically, where a thickness over diameter ratio /D ≤ 0 25 ensures plane stress condition [27, 28] . This introduces a tensile force in the positive and negative x-direction according to Figure 6 . The method has evolved from applying a single point load to instead applying a pressure over a segment. The distributed load decrease the risk of introducing fracture near the load contact but has almost no influence within the body, and is valid for angles up to 2β = 22 90°. The angles used in the experimental setup shown in Figure 4c is 2β = 14°with the arc radius 12.7 mm [28] . The equations relating the stress at the centre of the specimen, where the tensile failure is expected, are
where is the surface pressure. Substituting the surface pressure by the press force given by F = βD , and the other stresses zero due to plane stress condition, the deviatoric stress and the isostatic pressure is determined according to Equations (6) and (7). The yield strength for both the UCT and BD tests are shown in Figure 7 for sandy gravel with 0.9% average moisture content. By connecting results from UCT and BD with same density a deviatoric yield function can be constructed.
There was a large scatter in the measured densities between the BD and UCT results, but at 2234 ± 4 kg/m 3 , points were connected. Despite the large scatter in measured densities, further deviatoric yield curves were generated from the measured data in order to investigate the trend of the density effect of the yield function. In Figure 8a and 8b, the internal friction angle, θ, and the cohesion, C , is plotted against density, respectively. It is shown that the friction angle does not change significantly with the density, and the cohesion is only slightly affected by density. Further, limited BD and UCT experiments with moistened samples were carried out to investigate the influence of water content on the yield function. In Figure 8c and 8d, the influence of water content in the sandy gravel is examined in the range of 0-10% moisture. The results in Figure 8c show no significant change of the friction angle, while the result in Figure 8d show a small decrease of the cohesion for increased moisture content. Since the deviatoric and volumetric response of the yield model used in the simulations and presented in Section 3.1 is decoupled, the deviatoric yield function is independent of density. One yield function for a general density is also sufficient based on the results in Figure 8a and 8b. The relation between shear strength and pressure is close to linear for soft soils loaded up to 500 MPa, see [11] . In this work, the deviatoric yield function shown in Figure 7 (Equation 4a) is extrapolated up to the unconfined strength of Pike's Peak granite at 226 MPa, see [26] , where a von Mises cut-off (Equation 4b) is used in analogy with previous work by Laine and Sandvik [6] . The complete yield function 1 given by Equation 4 and used in all simulations in this work is shown in Figure 9 . Further, a tensile cut-off of 1 mPa is used, which is reasonable since soils with larger grain size are generally considerable cohesion less, see [12] and Figure 8b and 8d.
Comparison to literature
In Figure 10 , literature data are shown together with data obtained in the present work. Regarding the volumetric data of pressure versus density shown in Figure 10a , both dry and fully saturated quartz sand (see [10] ) is shown together with sand with moisture content 6.57% (see [6] ) and the sandy gravel with 0.9% moisture content. Also, a fully saturated sandy gravel curve is shown, derived using the three-phase approach. The quartz sand data show that fully saturated state stiffens and reach its fully compacted state earlier than the dry state. A similar trend can be seen regarding the sandy gravel. The sand and sandy gravel is more porous compared to quartz sand, which may be explained due to the difference in the grain size and its distribution, see Table 1 . In Figure 10b , the deviatoric yield function derived in the present work has steeper inclination compared to both yield functions from the literature [1, 6] . The literature data was derived using a triaxial apparatus. The "sand & gravel" data was derived with the primary aim to characterize the development of cumulative permanent axial strain with the number of load applications for different tests [1] . A number of 80 000 cycles was performed. How the multiple cyclic loading affects the yield function compared to a single cycle test is not reported.
Numerical simulations
In this section, the numerical models to simulate the field blast trials are described. In order to simulate the large expansion of gases (such as explosion in soil and air), an Euler description have been used. The structural plate deformation is described with a Lagrange description, where frictionless contact is defined between the surrounding structures. A penalty based fluid-structure-interaction (FSI) is used to couple the state variables from the materials in the Eulerian domain to the structural parts in the Lagrangian domain [29] . All models and simulations are representing the geometry of the test rig used in the field blast trials. The experimental geometry is represented in 3D, which is modelled using quarter symmetry, see Figure 11 . The gas dynamics of the blast process can however be considered as axisymmetric until the shock wave reaches the structure. The gas expansion is therefore simulated in a 2D axisymmetric Eulerian model until the symmetry condition is about to be violated. A map file of the state variables is written from the last state of the 2D simulation. The map file is used to initialise, or "fill", the 3D Eulerian domain with the last state of the 2D simulation, where the sequence is shown in Figure 11 from left to right. In this way, a denser Euler mesh can be used in the initial 2D simulation with high resolution of the shock wave build-up, while a coarser Eulerian mesh is used in the 3D domain to save computer (CPU) time without significantly reducing the accuracy. This approach has recently been used by Zakrisson et al. in [14] .
Finite element models
The FE models of both the initial 2D Eulerian model and the 3D Eulerian and Lagrangian model are shown in Figure 11 with the explosive buried at 50 mm depth. The 2D model regarding DOB 0 and 50 mm has dimensions 500 × 750 mm while DOB 150 mm has dimensions 500 × 850 mm. A uniform quadrilateral element size of 0.5 mm is used for the 2D models, leading to a total of 1 492 000 and 1 700 000 elements respectively. In [14] , a uniform 2D mesh size of 0.5 mm was found necessary in order to preserve the accuracy for a free air detonation using identical stand-off, charge size and geometry as in the Regarding the 3D Eulerian mesh, smaller element sizes were used closer to the axis of revolution and towards the target plate, with coarser elements towards the boundaries. The same Eulerian domain is used irrespectively of DOB, and consists of 174 000 solid hexagonal elements in total.
The size and mesh distribution in the XZ-view is given in Figure 12 , where the sign # is followed by the number of elements along a distance. The element length bias ratio across a distance is defined as
, where L and L is the largest and smallest element side length respectively. For the 3D model, outflow is prevented on the two symmetry planes and at the bottom surface, but allowed on the top and outward lateral boundaries. The Eulerian domain consists of air, soil and explosive. The Lagrangian domain consists of the test module, including the target plate and plate holder, and is identical to the model used in [14] . The Lagrangian parts consist of 12 180 elements in total, where the target plate is represented by 3 600 elements. Only fully integrated shell elements with 5 through thickness integration points have been used for structural calculations in 3D, where also thickness change due to membrane stretching is accounted for.
Simulation cases
In the present work, material data for dry soil is obtained which combined with a theoretical three-phase model allows to create material data corresponding to different water saturation levels of the soil. This methodology has been used to create material data to represent the soil conditions of the field blast trials presented in Section 2. The simulation cases are presented in Table 7 . Case 1-3 are based on the average input data from all wet tests presented in Table 2 , while Case 4 is based on average data from the dry tests. Case 5 and Case 6 represent the high and low variation of the initial density and saturation of the wet tests at DOB 50 mm, since there was a large scatter in both the soil state and the measured response. The simulation cases are representing the condition of the test with the stand-off distance from the surface of the sand to the target plate as stated in Section 2. Tabulated data for the simulation models are provided in Table 8 . Corresponding functions are shown in Figure 13 .
The mapping from 2D to 3D is used in all simulations, and since all simulations in this work has different initial conditions, an initial 2D simulation has to be performed for every simulation case. The actual time when the shock wave reaches the boundary in the 2D model deviates due to the different soil states and burial depths, but is about 0.06, 0.3 and 0.65 ms with the increasing DOB tested. In 3D, the simulation continues to 2 ms for DOB 0 mm, 4 ms for DOB 50 mm and 8 ms for DOB 150 mm. At those times, the FSI force is close to zero and the Eulerian domain is deleted since the blast acting on the structure has past. The calculation is thereafter restarted to allow the residual deformation of the plate to converge, and continues until 12 ms for DOB 0 and 50 mm, and 16 ms for DOB 150 mm. The maximum plate deformation, δ , is stored in the calculation, while the residual plate deformation, δ , is determined with the inner edge of the rigid rig as reference. From the time of the maximum plate deformation to the simulation end time, a mean value is calculated which represents the residual plate deformation in the calculations. The impulse is determined by integrating the total vertical FSI force over time, I F SI , where the end value represents the transferred impulse to the quarter symmetry model. The presented values in comparison to the experiments are thus multiplied by four. This is an identical approach as previously used in [14] .
Results
The descriptions of the achieved results are divided into a comparison with experiments and a more general description of the simulation results.
Comparison with experiments
The results from all simulation cases are shown in Table 9. A visualisation of the experimental and numerical deformed target plate mounted on the test module is shown in Figure 14 . In Figure 15 , a relative comparison is shown between the numerical results for Case 1-6 and the experimental results presented in Table 2 , regarding maximum plate deformation, residual plate deformation and impulse transfer. Case 1-4 is compared to the average experimental results, and also include an error bar representing the experimental scatter. Case 5 and Case 6 is compared to the corresponding individual experiments with the upper and lower density and saturation variations, and contains therefore no error bar. The numerical results both under-and over predict the experimental results. Regarding the max plate deformation, Case 1 and Case 2 under predict the experimental result with 10.6% and 5.4%, respectively, while Case 3 over predicts with 4.4%. A similar trend is shown for the residual plate deformation for Case 1-3. Regarding the impulse transfer, Case 1-3 all under predicts the experimental results with 10-17.5%. Note that for Case 2 the experimental variation for the impulse is quite large, where the top limit of the error bar actually over predicts the experimental average. The dry soil condition, Case 4, shows best agreement of all cases to the experimental results with total deviation in results between 1.7-6.3%. By using the three-phase model, it is possible to tune the input data to the specific initial state of the sand at the test. Case 5 uses the upper and Case 6 the lower variations of density and relative volumes of the corresponding test at 50 mm depth of burial. The numerical comparison to the corresponding individual experimental result is shown in Figure 15 , but includes no experimental variation since the numerical value is compared to a single experiment. Both maximum and residual plate deformation is close to the corresponding experimental result, Case 5 within 1.3-1.4% and Case 6 within 5.5-8.5%. The impulse is however under predicted with about 10.5% for Case 5, while Case 6 over predicts with 6.6%. 
Influence of burial depth
The simulation results of Case 1-3 are investigated further in this Section. The cases correspond to identical soil conditions, but with different depth of burial. The material contours in the initial 2D simulation for each case are shown in Figure 16 , both prior to explosive detonation and at the 2D end time. At the 2D end time, the shock wave has almost reached the upper boundary (at stand-off 250 mm) and the map file for each case to be used in the 3D simulation is written. It is clear that the arrival time of the shock wave increases with increasing DOB. This is also shown in Figure 17 , where the FSI force and maximum displacement of the plate normalised to its maximum value Figure 16 . Explosion behaviour at different burial depths (DOB).
Upper picture shows the explosive (red), soil (brown) and air (blue) prior to detonation. Lower picture shows the material expansion at the time when the shock wave reaches the top boundary at 250 mm from the ground surface.
for each DOB is illustrated against time. The FSI force increases almost immediately when the shock wave reaches the target plate. The time difference between the peak force and the max plate deformation decreases for DOB 150 mm compared to 0 mm and 50 mm. In all cases, the blast force continues to load the target plate a while after the max plate deformation is reached. Hence, if only plate deformation is of interest to study, the Eulerian domain may be deactivated earlier in order to reduce CPU-time. Further, the shock loading is more abrupt the closer to the surface the mine is buried. At DOB 0 mm, the mine is flush buried, hence no soil covers the mine and the shock wave only travels in air. The shock loading is therefore more immediate for DOB 0 mm than DOB 50 mm and 150 mm.
In the experiments, the vertical jump of the test module, Z , was measured in time with a linear position sensor, and is shown for each DOB in Figure 18 , both for a representative test and the corresponding numerical simulation. The numerical trend is similar to the experimental trend, where the height of the module jump and the return time is increasing with DOB. Both the max dynamic plate deformation and impulse transfer against DOB are shown in Figure 19 for the experiments and numerical simulations. The plate deformation is in- Figure 19 . Numerical and experimental trends of burial depth (DOB).
Diamonds corresponds to the max dynamic plate deformation on the left axis, circles corresponds to the transferred impulse on the right axis. Symbols filled with black corresponds to experiment, white to numerical simulation.
creasing from 0 to 50 mm DOB, but then decreases at DOB 150 mm. According to Equation (1), the impulse transfer is proportional to the square root of the vertical module jump. Therefore, the impulse transfer shows similar trend as Z shown in Figure 18 , with increasing impulse with increasing DOB.
Discussion and conclusion
Blast experiments have been investigated in an earlier work, with explosive located in moistened sandy gravel at three different burial depths, where also dry soil has been tested at one burial depth. In the wet soil experiments, the average moisture content was 7.7%. One purpose with the experiments was to collect data to be used for validation of numerical modelling of the blast process. The measured response was max dynamic plate deformation, residual plate deformation and impulse transfer. Most volumetric characteristics of soil-like material in the literature are based on very fine-grained sand (e.g. see for example [4, 6, 10, 11] ). Not much data with coarser grained soil may be found in the literature. Since the application in this work is blast loading, where the soil is greatly compacted, a characterization to as high pressure as possible is preferable. In this work, material characterization of sandy gravel at low moisture content has been presented. Outside the data range, reasonable extrapolation to the theoretical maximum compression is made. Even though a relatively simple approach of characterization has been used, the derived data compares reasonably well with other data reported in the literature. A cap plasticity model in combination with a three-phase description representing the soil has been used in order to analytically construct material parameters depending on the relative volumes of solid grains, air and water, i.e. different degrees of water saturation. It is assumed that the air and water does not have time to escape from the soil during the highly dynamic compaction by the explosion. This unified constitutive model for soil has been used as input for numerical simulations of explosions in soil with different characteristics where a comparison against the experimental blast results has been made. The numerical results deviate from the experimental results with 1.3% as least and 17.5% as most. The largest deviations are shown regarding the impulse transfer. The density and water content measurements in the experiments were performed manually using a confined volume. Hence, there exist an unknown experimental uncertainty regarding the state and uniformity of the soil. There is also a large scatter regarding the initial conditions and the experimental results, primarily at 50 mm depth of burial in wet soil. Numerical input data based on the three-phase model made it possible to evaluate the individual extremes of the test, which was found more successful than based on averaged initial conditions. The large underestimation of the impulse between the numerical simulations and the experiments for wet soil can however to some extent be attributed to uncertain initial conditions. Further, the overall best comparison between experiment and simulation is shown for dry soil with a maximum deviation of 6.3%. The dry soil case also includes least uncertainty both regarding the initial soil conditions in the blast trials along with the numerical input data for the soil. Several uncertainties exist, both in the numerical simulations as well as in the experiments. The procedure for simulating the blast load with improved accuracy in the 3D domain was investigated in [14] and adopted in this work. However, the blast load is still likely to be underestimated to some extent, primarily due to numerical reasons. The dry state of the soil material has been characterized in this work, where data outside the measured range is unknown and therefore extrapolation is used. Further, a theoretic model to include different degrees of water and air in the soil is adopted. These assumptions have only been validated in the simulations corresponding to the blast experiments presented in this work. The blast experiments show a scatter in the results. Ideal symmetry and uniformly distributed initial conditions of the soil is assumed in the simulations. The outcome of the blast experiments is however likely to be sensitive to the degree of compaction and saturation and symmetric alignment. The numerical and experimental trends in structural response against the burial depths of the explosive coincide. A larger impulse transfer with a greater burial depth is shown. Further, the plate deformation increases from a flush buried explosive to a burial depth of 50 mm, with a following decrease in plate deformation at 150 mm burial depth. The trend regarding plate deformation, together with simulation images of the material expansion profile, indicates that there exists a DOB-dependent localisation effect of the blast load towards the revolution axis of the cylindrical explosive.
The most important contribution to the literature of this work is the presented methodology with a unified constitutive model for soil mixtures coupled to a simple approach of characterization. It is concluded that the presented cap plasticity model combined with a three-phase description of the soil show both qualitatively and quantitatively good results for varying burial depth of the explosive. Further validation of the three-phase model should if possible be investigated at a greater variation of saturations.
